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Abstract
Background: The chicken (Gallus gallus), like most avian species, has a very distinct karyotype
consisting of many micro- and a few macrochromosomes. While it is known that recombination
frequencies are much higher for micro- as compared to macrochromosomes, there is limited
information on differences in linkage disequilibrium (LD) and haplotype diversity between these
two classes of chromosomes. In this study, LD and haplotype diversity were systematically
characterized in 371 birds from eight chicken populations (commercial lines, fancy breeds, and red
jungle fowl) across macro- and microchromosomes. To this end we sampled four regions of ~1 cM
each on macrochromosomes (GGA1 and GGA2), and four 1.5 -2 cM regions on
microchromosomes (GGA26 and GGA27) at a high density of 1 SNP every 2 kb (total of 889
SNPs).
Results: At a similar physical distance, LD, haplotype homozygosity, haploblock structure, and
haplotype sharing were all lower for the micro- as compared to the macrochromosomes. These
differences were consistent across populations. Heterozygosity, genetic differentiation, and derived
allele frequencies were also higher for the microchromosomes. Differences in LD, haplotype
variation, and haplotype sharing between populations were largely in line with known demographic
history of the commercial chicken. Despite very low levels of LD, as measured by r2 for most
populations, some haploblock structure was observed, particularly in the macrochromosomes, but
the haploblock sizes were typically less than 10 kb.
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BMC Genetics 2009, 10:86 http://www.biomedcentral.com/1471-2156/10/86Conclusion: Differences in LD between micro- and macrochromosomes were almost completely
explained by differences in recombination rate. Differences in haplotype diversity and haplotype
sharing between micro- and macrochromosomes were explained by differences in recombination
rate and genotype variation. Haploblock structure was consistent with demography of the chicken
populations, and differences in recombination rates between micro- and macrochromosomes. The
limited haploblock structure and LD suggests that future whole-genome marker assays will need
100+K SNPs to exploit haplotype information. Interpretation and transferability of genetic
parameters will need to take into account the size of chromosomes in chicken, and, since most
birds have microchromosomes, in other avian species as well.
Background
Accurate characterization of linkage disequilibrium (LD)
within and between populations is important in domestic
animal genetic studies because LD underlies all forms of
mapping studies [1] and is an important parameter in the
design of marker panels. A recent study on LD in the
chicken (Gallus gallus) [2] showed substantial differences
in the extent of LD between populations, which is consist-
ent with pronounced differences observed between breeds
of other domesticated species [3,4]. The extent of LD in
broilers estimated by SNP genotyping was shown to be
very limited with r2 values below 0.3, on average, for dis-
tances between 0.25 and 1 cM [2]. Studies in layers suggest
higher extent of LD compared to broilers, although stud-
ies on LD in chicken other than broilers are sparse [5,6]).
Despite low levels of LD in broilers, Andreescu et al [5]
showed that there is significant overlap in the LD of
marker pairs between different populations. This result
suggests that haplotypes are shared between commercial
broiler lines. Estimating haplotype sharing between pop-
ulations is of interest because it can aid in predicting
transferability of genetic parameters, such as genomic esti-
mated breeding values (GEBV) [7] or QTL, from one pop-
ulation to another. Characterization of LD and haplotype
sharing has been achieved in humans by making extensive
haplotype maps of different populations [8,9]. These
maps confirmed the organization of haplotypes in so
called haploblocks. The elucidation of genome-wide hap-
loblock structure has been beneficial for designing SNP
genotyping assays that capture the maximum amount of
haplotype diversity in humans [10]. The design of a
genome-wide haplotype map for chicken would be
equally beneficial for the design of high-density genotyp-
ing assays.
In most birds, the genome is organized into a few very
large chromosomes and many very small chromo-
somes[11,12]. The best studied bird genome to date, that
of the chicken, has five so called macrochromosomes
(GGA1-5) that range in size from 50 to 200 Mb, five inter-
mediate chromosomes (GGA6-10) ranging from 20 to 40
Mb, and 28 microchromosomes (GGA11-38) that average
~12 Mb. The smallest of the microchromosomes were
estimated to be less than 5 Mb[13].
The microchromosomes have structural differences com-
pared to the larger chromosomes, such as higher GC con-
tent. Intergenic distances on the microchromosomes are
also lower as well as the average size of the introns, result-
ing in a much higher gene density compared to the mac-
rochromosomes [13]. Recombination rates in
microchromosomes (50 - 100 kb/cM) are much higher
compared to the macrochromosomes (~300 kb/cM), pos-
sibly resulting from the requirement of at least one chi-
asma per chromosome per meiosis, and possibly
facilitated by a higher density of cohesin binding
sites[14,15].
The higher recombination rate on microchromosomes is
expected to reduce LD compared to macrochromosomes.
This conclusion was ascertained by Aerts et al [2]for one
microchromosome indicating that LD may not be the
same throughout the chicken genome. However, a sys-
tematic survey of differences in haplotype structure
between micro- and macrochromosomes in birds has not
been done. Recombination rate was also shown to corre-
late positively with nucleotide diversity in chicken [16].
The degree of haplotype sharing is expected to decline
with increasing recombination rate, which should result
in lower transferability of genetic parameters for micro-
chromosomes. Other measures such as haploblock struc-
ture, are also expected to be affected by differences in
recombination rate. All SNP based studies so far have used
SNP densities that were insufficient to ascertain LD and
haplotype structure in chicken.
We applied a focused high-density SNP typing strategy,
sampling 1 SNP every 2 kb, to quantify the differences in
LD, haplotype diversity, haplotype sharing and hap-
loblock structure between the micro- and macrochromo-
somes in chicken. For a good representation of both types
of chromosomes, we sampled four regions of ~1 cM each
on macrochromosomes (GGA1 and GGA2), and four 1.5
-2 cM regions on microchromosomes (GGA26 and
GGA27). To test the generality of our conclusions, a broadPage 2 of 11
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all the important commercial types (white egg and brown
egg layers, sire and dam broilers)[17], as well as two tradi-
tional Dutch fancy breeds and a wild chicken population.
Methods
Chicken populations
Commercial and non-commercial populations were sur-
veyed to provide a broad view of LD patterns and haplo-
typic diversity in chicken. Unrelated individuals were
taken from each population. For the commercial popula-
tions, representatives of all major types were selected: one
white egg layer (E2), one brown egg layer (B2), two
female or dam broiler lines (one of a closed line - E5, and
one of an open line - A3), and one male or sire broiler line
(E3). The commercial lines were provided by Hendrix
Genetics; E2, E5 and E3 lines were surveyed previously
[2]. Furthermore, two traditional Dutch breeds (Owl
Bearded, AvDiv_09, and Frisian Fowl, AvDiv_10), and
one wild chicken population (Gallus gallus spadiceus,
AvDiv_101) were sampled; these populations were previ-
ously surveyed in the AvianDiv project [18]. We also
included seven Gallus lafayetii (Ceylon Jungle Fowl, SRI)
specimens, from Sri Lanka, for outgroup comparison and
determining the ancestral state of the SNPs. Additional
details on the populations and sampling can be found in
Table 1.
SNP selection and typing
SNPs were selected from dbSNP 125 and mapped to Gal-
lus gallus build 2.1. Four chromosomes, two macro-
(GGA1 and GGA2) and two microchromosomes (GGA26
and GGA27) were each surveyed at two regions, for a total
of eight regions. The size of each region was ~300 kb (~1
cM) for the macrochromosomes, and ~150 kb (~1.5-2
cM) for the microchromosomes [14,15]. Regions were
selected for having sufficient SNP information to allow
selection of one SNP per 2 kb and good reliability of the
assembly. Furthermore, regions on the same chromosome
were chosen to be far apart, to minimize effects of hitch-
hiking due to linkage. One SNP was selected per 2 kb, on
average, with a total of 889 SNPs (Additional File 1).
Genotyping was performed using the GoldenGate/Sentrix
Array technology from Illumina [19], according to manu-
facturer's protocols. The 889 SNPs were part of a larger
1536-plex assay.
LD analysis
LD was calculated as pairwise r2 and D' values using Hap-
loview 4.0 [20] for each of the populations and for each
of the genomic regions. For each population, only mark-
ers with a 75% or higher genotyping success, without sig-
nificant deviation from Hardy-Weinberg (p < 0.001), and
with a minor allele frequency (MAF) greater than 5% were
included in the analysis.
Observed values of r2 were fitted to the Sved equation
([21], see also [6,4]),
where LDijk is the observed LD for marker pair i of popu-
lation j in region k, dijk is the distance in bp for marker pair
LD
jkdijk
eijk ijk= +
+
1
1 4b
(1)
Table 1: An overview of the chicken populations population
population
label
type/population origin N indiv. GGA1 Hobs GGA2 Hobs GGA26 Hobs GGA27 Hobs Anc. Freq.
E2 white egg layer Hendrix
Genetics
54 0.11 0.09 0.04 0.14 0.66
B2 brown egg layer Hendrix
Genetics
62 0.18 0.17 0.21 0.28 0.68
E3 male broiler Hendrix
Genetics
61 0.23 0.23 0.20 0.3 0.68
E5 female broiler
(closed)
Hendrix
Genetics
57 0.24 0.19 0.14 0.17 0.68
A3 female broiler
(open)
Hendrix
Genetics
58 0.24 0.25 0.25 0.28 0.68
AvDiv_101 Red Jungle Fowl
(G. g. spadiceus)
Thailand 29 0.25 0.28 0.25 0.27 0.71
AvDiv_9 Owl Bearded The Netherlands 26 0.21 0.24 0.27 0.22 0.65
AvDiv_10 Frisian Fowl The Netherlands 24 0.20 0.21 0.25 0.28 0.66
G. lafayetii (CJF) Sri Lanka 7 0.02 0.03 0.03 0.04 1.00
An overview of the populations surveyed. Population label refers to the names of the same population in other studies: the wild chicken population, 
Frisian Fowl, and Owl Bearded were part of the AvianDiv project [18]. The E2, E5 and E3 lines have been previously studied by Aerts et al. (2007). 
Indicated are the number of specimens used (N indiv), observed heterozygosity per chromosome (Hobs), and overall ancestral allele frequencies 
(anc. Freq.).Page 3 of 11
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that describes the decline of LD with distance for popula-
tion j in genomic region k and eijk is a random residual. For
each genomic region within population  was esti-
mated using the nls function in the R environment http:/
/www.r-project.org/.
Population and genomic region effects on LD extent were
tested using LDcijk, which is the distance corrected and var-
iance stabilized LD for marker pair i in genomic region k
and breed j and it was estimated using  and 
obtained with equation 1 [4]:
Differences in LD between genomic regions and popula-
tions were analyzed by testing their significance when
included as fixed effect in a linear model [4].
Effective population sizes were estimated by transforming
physical distances to genetic distances (300 kb/cM for the
macrochromosomes, and 65 kb/cM for the microchromo-
somes [15]). Past effective population sizes were calcu-
lated using a sliding window and transforming physical
distances to genetic distances to estimate the number of
past generations as [22-24]
General population statistics
Observed heterozygosity and MAF were calculated with
custom Perl scripts. The ancestral state of the SNPs was
determined by assessing the state of the SNP in the seven
Ceylon Jungle Fowl samples, and the allele present in the
same monomorphic state in all seven animals was
inferred to be the ancestral state for G. gallus. Tests for the
effect of genomic region on heterozygosity and on ances-
tral frequency were done using a linear model.
Genetic distances were calculated based on allele frequen-
cies using the Gendist program, and a neighbor joining
tree was constructed using the Neighbor program from
the Phylip package [25].
Haplotype and haploblock analysis
Haploview was used for inferring haplotypes and haplo-
type frequencies using the '-blocks' option [20], using cus-
tom Perl scripts to generate block definitions and to
collect haplotypes and haplotype frequencies for a sliding
window (scripts available upon request from HJM). Hap-
lotype homozygosity (HH) was calculated as the sum of
products of haplotype frequencies [26]. Haploblock struc-
ture was determined using two haploblock rules, the
Gabriel rule [10] and the 4 gamete rule, as implemented
in Haploview 4.0 [20], based on haplotypes with 5% or
higher occurrence.
Haplotype sharing between two populations was calcu-
lated as the number of haplotypes that were shared by
both populations divided by the average number of hap-
lotypes in these populations. The average number of hap-
lotypes was calculated by taking the sum of the haplotype
count of both populations divided by two. Only haplo-
types with greater than 5% occurrence in each of the pop-
ulations were considered.
Results
SNP genotyping
Of 889 SNPs assayed, 806 were successfully genotyped. A
90% success rate is comparable to previous data sets gen-
erated for chicken on the same platform [27]. The num-
bers of SNPs successfully genotyped per region can be
found in Additional File 1. Of these 806 SNPs, 91% had a
MAF greater than 5% in at least one population. The wild
chicken population (AvDiv101) had the highest percent-
age of polymorphic markers (70%). The dam broiler line
A3 was a close second with slightly less than 70% of SNPs
polymorphic. The white egg layer line was clearly the pop-
ulation with the smallest number of polymorphic markers
with less than 35% of SNPs informative (Additional File
2).
Heterozygosity was lower (P < 0.005) for the macrochro-
mosomes (0.193) compared to the microchromosomes
(0.207) when analyzed across all populations. Within
most populations, heterozygosity was found to vary
between chromosomal regions; for example, a three-fold
difference was observed between GGA26 and GGA27 in
the white egg layer population (Table 1).
Of the SNPs genotyped in Ceylon Jungle Fowl, 729 (90%)
were successfully genotyped and 669 (92%) were not pol-
ymorphic in the sample of seven individuals. The alleles
present in Ceylon Jungle Fowl were putatively inferred as
the ancestral allele in G. gallus. Taken over all populations,
ancestral frequencies were slightly lower in the microchro-
mosomes (0.669 vs. 0.680 for macrochromosomes), but
the difference was not significant. Population allele fre-
quencies were skewed towards the ancestral state. The
highest ancestral frequency was observed in the wild
chicken population, and the lowest in the white egg layer
and the Dutch breeds (Table 1, Additional File 3). Taken
over all populations, ancestral frequencies were slightly
lower in the microchromosomes (0.669, compared to
0.680 for macrochromosomes), but the difference was
not significant.
bˆ jk
bˆ jk eˆijk
LDc
eijk
jdijk
ijk =
+
ˆ
ˆ1 4b
(2)
1
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Across all populations, LD for the microchromosomes
was significantly lower compared to the macrochromo-
somes (P < 0.0001), and fitted values for LD were consist-
ently lower for the microchromosomes for all
populations. Differences in LD between micro- and mac-
rochromosomes from the global fit to the Sved equation
resulted in a 2.8× lower estimated recombination rate for
the latter (Table 2). Observed values were almost consist-
ently lower for the microchromosomes, although a few
local exceptions were observed (e.g. dam broiler E5
showed somewhat higher LD at the microchromosomes
at short distances).
Observed values for r2 were never < 0.1 even at distances
of ~1 cM, contrary to the fit to the Sved equation pre-
dicted, and the r2 values never reached high values (> 0.9)
even at very small marker distances. This resulted in a
much flatter observed versus predicted LD curves.
Observed values for D' showed similar trends as r2, but
were always much higher. Average D' never was < 0.5 at
the macrochromosomes for any population even at 250
kb (Figure 1).
The white egg layer showed the highest LD of all popula-
tions, followed by the brown layer and the dam broiler
line E5. The wild chicken had, in general, the lowest extent
of LD, closely followed by dam broiler line A3 and the sire
broiler line. The differences between the breeds were
expected to depend on their effective population sizes,
which were estimated to be between 40 and 1200 for the
domesticated chicken populations, and > 2000 for the
wild chicken population, based on all the macrochromo-
somes and estimated across all marker distances. Based on
microchromosomes, Ne was estimated systematically
lower for all populations, on average 1.6 times lower
(Table 2). When marker distance was taken into account
to allow estimation of Ne for a given point in the popula-
tion history, a continuous reduction in Ne was observed
for all populations (Additional File 4).
Haploblock structure
The proportion of the regions captured by haploblocks
was consistently lower for the microchromosomes com-
pared to the macrochromosomes (P < 0.001, sign test).
Haploblock sizes also tended to be smaller for the micro-
chromosomes (Figure 2). Only in layers were more than
10% of the SNPs on the microchromosomes captured in
blocks > 40 kb. Congruence in haploblock boundaries -
both for micro- and macrochromosomes - between popu-
lations was very limited (Additional File 5).
Haploblock structure varied widely between populations
(Figure 2). The white egg layer had large (> 100 kb) blocks
covering 71% of the regions. In the brown egg layer and
dam broiler line E5, block structure was still considerable
with well over 40% of regions in blocks larger than 10 kb.
There were pronounced differences between the results
from different methods of block inference. In general, the
Gabriel method inferred far fewer blocks that tended to be
larger compared to the 4 Gamete Rule (Additional File 6).
Nevertheless, the overall observations on differences
between populations, and between micro- and macro-
chromosomes were consistent between the two methods.
Haplotype homozygosity and evidence for selective sweep
Haplotype homozygosity (HH) measured over a sliding
window with bin sizes of 10 SNPs (~20 kb) ranged from
0.11 to 1 (Figure 3). Over all populations, the microchro-
mosomes showed consistently lower average HH, with
the exception of dam broiler line E5. For the macrochro-
mosomes a relatively small number (1-7) of haplotypes
accounted for the vast majority of haplotype diversity (>
90%) in most domesticated populations while in the
Table 2: Estimated differences in recombination rate and Ne between micro- and macrochromosomes
Population Rec.micro/Rec.macro Nemacro Nemicro Nemicro/Nemacro
white egg layer 3.20 37.61 26.75 1.41
brown egg layer 4.14 160.31 147.34 1.09
sire broiler line 4.16 813.41 751.68 1.08
dam broiler E5 1.59 249.41 88.03 2.83
dam broiler A3 3.03 1097.47 738.9 1.49
Red Jungle Fowl 2.63 2473.92 1447.01 1.71
Owl Bearded 1.97 876.67 383.86 2.28
Frisian Fowl 3.96 634.39 558.06 1.14
average 2.76 1.63
Differences in recombination rate (Rec.) and effective population size (Ne) between micro and macro chromosomes estimated from fitting LD to 
the Sved curve. Differences in recombination rates were estimated using same Ne for micro- and macrochromosomes. Conversely, differences in 
Ne were based on a recombination rate 4.5 times higher in microchromosomes compared to macrochromosomes. This table shows the 
inconsistencies resulting from sampling different ranges of c while assuming that population sizes are static across generations (assuming that 
number of generations is 1/(2 c), c in Morgan [22]. See Additional File 4)Page 5 of 11
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Fitted and observed values of LD versus physical distance (bp), for the macrochromosomes (black) and microchromosomes (red)igure 1
Fitted and observed values of LD versus physical distance (bp), for the macrochromosomes (black) and micro-
chromosomes (red). Observed values for r2 are in thick lines (lowess fit through averages over a sliding window), Fitted val-
ues using the Sved equation [21] are thin continuous lines, and observed values for D' are in hatched lines (lowess fit through 
averages over a sliding window).
Proportion of macro- and microchromosomes captured in haploblocks of different sizeFigure 2
Proportion of macro- and microchromosomes captured in haploblocks of different size. Block defenitions were 
according to Gabriel et al. [10]. For a similar analysis based on the 4 Gamete Rule see Additional File 4.
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BMC Genetics 2009, 10:86 http://www.biomedcentral.com/1471-2156/10/86microchromosomes a larger number of haplotypes
tended to explain a smaller part of the variation (Addi-
tional File 7). The white egg layer displayed extended
regions with only a single haplotype, while HH was
between 0.1 and 0.2 in Red Jungle Fowl for large parts of
the regions covered in this study. All other populations
showed a wide range of HH between and within regions.
Haplotype sharing
Haplotype sharing on the microchromosomes was sub-
stantially lower (P < 0,0001, sign test) compared to the
macrochromosomes (Figure 4C, Table 3), between 25 and
50% of sharing in macrochromosomes for haplotypes of
the same physical size. Genetic distances between popula-
tions were also consistently larger (Figure 4B, P < 0.0001,
sign test) based on genotypes derived from microchromo-
somal SNPs, but the difference was less pronounced com-
pared to haplotype sharing.
Haplotype sharing on the macrochromosomes was high-
est between the two dam broiler lines (Table 3). It was
also high between the sire broiler line and the dam broiler
lines, and between the two Dutch traditional breeds. The
two Dutch traditional breeds exhibited haplotype sharing
with the white egg layer. Patterns of sharing were consist-
ent with genetic distances based on genotype data (Figure
4A).
Discussion
Our aim was to study differences in LD and haplotype var-
iation between micro- and macrochromosomes, using a
very high marker density across populations reflecting
commercial diversity as well as fancy breeds and wild
chicken. Chromosomal regions were chosen to represent
the maximum range in size of macro- (GGA1 and GGA2)
and microchromosomes (GGA26 and GGA27); the two
microchromosomes were among the smallest well-assem-
bled chromosomes available within the current genome
Haplotype Homozygosity (HH) for all the populations and for all the genomic regions, sampled with bins of 10 SNPs along a sliding windowF gure 3
Haplotype Homozygosity (HH) for all the populations and for all the genomic regions, sampled with bins of 10 
SNPs along a sliding window. High HH (1 haplotype present) is white, low HH is red. Lowest value of HH is 0.11, for Red 
Jungle Fowl. Intermediate values are shades of yellow and orange. Additional File 7 provides further insight in distribution of 
haplotypes.
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BMC Genetics 2009, 10:86 http://www.biomedcentral.com/1471-2156/10/86build [13]. Selection of SNPs was based solely on position
(with the requirement of having 1 SNP every 2 kb), and
thus systematic bias due to SNP selection was unlikely.
Populations were chosen to reflect variation in the degree
of polymorphism, and hence expected LD, to the widest
possible extent, with the white egg layer at the lower end
and Red Jungle Fowl at the upper end [18]. Extent of LD
in chicken has been studied before [2,5,6] but these stud-
ies were limited in numbers of markers, marker density,
population sampling or sampling across chromosomes to
accurately and comprehensively asses LD to the same
degree as the present study.
Based on higher recombination rates in microchromo-
somes compared to macrochromosome differences in LD
and haplotype variation were expected, but measures of
these differences have not been previously reported. We
found LD, HH, haploblock structure, and haplotype shar-
ing all consistently lower for microchromosomes com-
pared to macrochromosomes when measured using
physical distance. A direct effect of recombination on
these measures comes from changing the relationship
from physical distance to genetic distance. From the fit of
LD to the Sved equation [21], and assuming that Ne is the
same for all chromosomes, the recombination rate was
estimated to be on average 2.8 times higher at the micro-
chromosomes (Table 2). This difference is less than the
expected 4.5 times higher recombination rate for micro-
chromosomes compared to macrochromosomes [15].
The recombination frequency for the microchromosomes
based on LD, therefore, appears to be systematically
underestimated for all populations. While regional differ-
ences in recombination frequency are expected, currently
no recombination map is available providing information
at the scale of the present study (< 1 cM scale), not even
for the macrochromosomes. For the smallest microchro-
A: Neighbor Joining tree based on genetic distances between population derived from all markers considered in this studyFigure 4
A: Neighbor Joining tree based on genetic distances between population derived from all markers considered 
in this study. B:Difference between haplotype sharing based on microchromosomal (horizontal axis) versus sharing based on 
macrochromosomal (vertical axis) haplotypes. Sharing was calculated as the average over a sliding window of window size of 
~30 kb. Haplotype sharing is almost consistently lower in microchromosomes. C: Difference in genetic distances based on 
microchromosomal (horizontal axis) and macrochromosomal (vertical axis) genotypes. Genetic distances are almost consist-
ently higher in microchromosomes.
A B C
Table 3: Haplotype sharing between populations.
Population E2 B2 E3 E5 A3 AvDiv_101 AvDiv_9 AvDiv_10
white egg layer - 0.07 0.06 0.00 0.05 0.00 0.05 0.04
brown egg layer 0.06 - 0.08 0.05 0.11 0.04 0.02 0.02
sire broiler line 0.15 0.19 - 0.08 0.19 0.00 0.03 0.03
dam broiler E5 0.09 0.19 0.33 - 0.14 0.01 0.01 0.01
dam Broiler A3 0.12 0.21 0.40 0.50 - 0.02 0.06 0.06
Red Jungle Fowl 0.06 0.06 0.08 0.07 0.08 - 0.03 0.01
Owl Bearded 0.25 0.10 0.20 0.11 0.13 0.08 - 0.14
Frisian Fowl 0.23 0.11 0.21 0.11 0.17 0.08 0.30 -
Haplotype sharing between populations. The table shows haplotype sharing based on a sliding window of 15 SNPs (~30 kb). Below each of the 
diagonals are the values for the macrochromosomes, above the diagonal are the values for the microchromosomes.Page 8 of 11
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detailed.
The inferred rate of 2.8× smaller recombination rate for
macrochromosomes compared to microchromosomes,
which is inconsistent with previous estimates (~4.5×,
[15]), is due to a bias in the analysis from fitting the Sved
equation across the same physical distance in micro- and
macro chromosomes. LD at different distances has been
shown to relate to effective population sizes at different
numbers of generations by 1/(2 c), where c is the median
distance between markers in Morgan [22]. By performing
local fits to the data, using SNP distance bins that are sim-
ilar in genetic rather than physical distances, the system-
atic difference in Ne between micro- and
macrochromosomes disappears. For most populations,
past population sizes derived from both classes of chro-
mosomes become quite similar when measured against
genetic distance (Additional File 4).
Since Ne does not seem to deviate systematically once dis-
tances are properly corrected for differences in recombina-
tion rate, the main explanation for observed differences in
heterozygosity, genotype differentiation, and derived
allele frequencies in the microchromosomes is higher
mutation rate. Higher heterozygosity is known to be pos-
itively correlated to recombination rate [16,28], although
the mechanism is not fully understood. We found derived
allele frequency to be slightly higher on the microchromo-
somes, which suggests a higher evolutionary rate. A higher
evolutionary rate for microchromosomes has been found
before in a comparison between chicken and turkey
macro- and microchromosomes [29]. Higher levels of dif-
ferentiation could result from increased background
directional selection for higher GC content in the micro-
chromosomes. The effect of directional selection would
have the same effect as a smaller effective population size.
Since there is no evidence for differences in Ne a higher
mutation rate seems to be the best explanation for higher
genetic differentiation on the microchromosomes.
The Sved equation assumes a static population size [21].
However, the fact that the observed values or r2 (Figure 1)
show more of a flat line compared to the expected values
of r2 based on the fit to the global Sved equation is an indi-
cation of declining population size[22,24]. Fits based on
local inter-marker distance-bins reveal declining effective
population sizes as shown in Additional File 4. Differ-
ences in LD and derived effective population sizes are
largely consistent with known population histories, with
white egg layers known to be more inbred than other
breeds, while most of the commercial broiler lines are
considered outbred [18,30,17]. Nevertheless, the dam
broiler E5 has been a closed line for many generations
(AV, unpublished results), which explains higher LD and
HH in this population. The decline of effective sizes for
the eight populations is consistent with earlier findings of
substantial loss of allelic variation in domesticated
chicken [17], reemphasizing the concern to maintain
genetic diversity in this species.
In humans, markers diagnostic for haplotypes, so called
tag SNPs, are often transferable between populations
because of haplotype sharing and populations having
common haploblock boundaries [31]. In the chicken,
haploblock boundaries show little overlap between pop-
ulations, and haplotype sharing between populations is
low. This difference between the two species could be the
result of differences in demography, with the block-like
structure of haplotype variation in humans being the
result of population expansion in the past 10+ thousand
of years originating from a population with an effective
size of thousands to tens of thousands at most [23]. Con-
versely, the present study finds evidence for population
contraction in chicken, which is consistent with the rela-
tively small number of long haplotypes and levels of hap-
lotype homozygosity. These long current haplotypes are
expected to be a mosaic of a much higher diversity of
small past haplotypes, similar to what is observed in dogs
[3]. The ancient small haplotypes that make up today' s
longer haplotypes, therefore, do not result in a very high
r2 (unless inbreeding becomes very high and only a very
small number of haplotypes remain). They do, however,
result in high D' as the inbreeding erodes away many of
the possible - and previously existing - haplotypes in a
population. D' will more often result in high LD values
when only part of all possible haplotypes are present com-
pared to r2[32,33]. Since the block construction methods
applied here were based on D' it was not surprising to find
considerable block structure - albeit often found in small
blocks.
The block structure in the genomes of layers may be
exploited to make genome-wide marker assays with
10,000 to 20,000 well chosen tag SNPs that would cover
around 70% of the genome, supplemented by a similar
number of SNPs to survey the remaining ~30%. Since
block structure is mostly at the scale of < 10 kb for the
more outbred broiler populations, and LD (measured as
r2) near 0.2 at a similar scale, the number of informative
SNPs would need to be > 100,000. However, as tag SNPs
are probably not highly transferable between commercial
populations, a general purpose assay might even need
many more markers than 100 K.
Understanding sharing of haplotypes between popula-
tions is of further importance as it determines the success
of transferring genetic parameters from one population to
another [7]. The present study confirms the findings of
Andreescu et al [5] in that high overlap in haplotypesPage 9 of 11
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between closely related populations. Transferability of
marker information between more distantly related pop-
ulations may be problematic. For the microchromo-
somes, haplotype sharing is very small even among the
broilers, showing that population-to-population transfer-
ability of marker information should be treated differ-
ently for micro- and macrochromosomes at the same
physical scale. Since genotype differentiation is also sys-
tematically higher for the microchromosomes, differences
in haplotype sharing are likely the result of both increased
mutation rate and recombination frequency for the
microchromosomes.
Conclusions
Patterns of LD, haplotype variation, and haplotype shar-
ing, as well as genotype variation and genotype differenti-
ation, are all different in the microchromosomes
compared to macrochromosomes in chicken. While dif-
ferences in LD are congruent with differences in recombi-
nation rate, differences in haplotype differentiation may
be partly explained by an increased genotype differentia-
tion. Differences in genotype differentiation seem best
explained by a higher mutation rate for the microchromo-
somes. It is vital that whole-genome studies in chicken
take these differences into account, both in the genotype
assay design phase, as well as in interpretation and appli-
cation of results. Because most birds have microchromo-
somes it is likely that the findings presented in this study
are relevant to a wider group of avian species.
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